Classic models for new perspectives: delving into helminth-microbiota-immune system interactions
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Whilst a wealth of data indicates that infections by gastrointestinal helminths are accompanied by significant alterations in the composition of the vertebrate gut flora, little is known of the immune-molecular mechanisms that regulate host-parasite-microbiota interactions. 'Traditional' experimental models of gastrointestinal helminthiases, in which the role/s of each of the components of this triad can be tested, provide an opportunity to advance research in this area. In this article, we propose the Echinostoma caproni-mouse system as a potentially useful tool for studies of the role of the host gut microbiota in preventing pathology and inducing parasite clearance via interleukin (IL)-25, an epithelial-derived alarmin with key roles in anti-helminth immunity and maintenance of gut homeostasis.

Gastrointestinal helminths, gut microbiota and host immune system: a dynamic interplay
A plethora of studies has documented the existence of an inverse relationship between early exposure to microorganisms and other potentially pathogenic infectious agents, and the occurrence of chronic inflammatory allergic or autoimmune disorders [1]. According to the ‘Old friends’ hypothesis, microorganisms and parasitic helminths have long co-evolved with their vertebrate hosts and are pivotal to the regulation of the host immune system [2]. As a consequence, diminished exposure to these organisms, as it typically occurs in developed countries, may result in the failure of immune-regulatory mechanisms and increased pathogenic responses towards harmless stimuli [2].
A wealth of experimental evidence supports the role of gastrointestinal (GI) helminth parasites as masters of immune-regulation, due to their ability to skew host immune responses towards dominant Th2/Treg phenotypes (see Glossary) [3] – so much so that the powerful immune-modulatory properties of selected GI helminths and/or their excretory/secretory (ES) products are being investigated as potential sources of novel therapeutics against a range of such disorders and autoimmune diseases [4-6]. Nevertheless, in order for this experimental evidence to successfully translate into clinical practice, a profound knowledge of the immune-molecular mechanisms that underpin the anti-inflammatory properties of selected GI helminths is necessary. Thus far, the vast majority of studies that have attempted to unravel such mechanisms have focused on two major players – the parasite and the host immune system [e.g. 7-10]. Nevertheless, increasing evidence points towards a key role of a third party – the host microbiota – in such interactions (Figure 1). Indeed, over the past few years, infections by GI helminths have been demonstrated to impact on the composition of the host gut microbiota and relative abundance of individual microbial species [11], with likely downstream effects on host immunity and metabolic potential [12]. However, with a few exceptions (see below), the vast majority of currently available studies investigating the cross-talk between GI helminths, gut microbiota and the host immune system have involved comparative analyses between the gut microbial profiles of vertebrates (including humans) infected with GI helminths and that of corresponding uninfected controls [11,13]. While such observational studies are valuable, we set forth that advances towards a better understanding of the causality of host-helminth-microbiota relationships should involve the transition to mechanistic studies using laboratory rodent models of intestinal helminthiases.
In this article, we summarize current advances in knowledge of host-helminth-microbiota interactions, and suggest that interleukin (IL)-25 may be a key mediator in such interplay. In addition, we propose that the Echinostoma caproni-mouse system is a highly suitable model to test this hypothesis in vivo.

What do we know thus far of host-helminth-microbiota interactions?
In spite of the growing body of literature providing evidence of the role/s that parasite-mediated changes in the composition of the host gut flora may play in mechanisms of helminth immune-modulation [11,12], the underlying mechanisms that determine such outcomes are still poorly understood (Table 1). Faecal microbiota transplants from Heligmosomoides polygyrus-infected to naïve mice are enough to induce activation of regulatory T cells (Treg) in the latter and modulate host responses to concomitant diseases, ultimately affecting their clinical outcome [14,15]. In addition, administration of broad-spectrum antibiotics can reverse the anti-inflammatory effect of infections by H. polygyrus, thus lending credit to the hypothesis of a key role of the gut microbiota in the therapeutic properties of parasites [14]. 
In spite of this evidence, dissecting the complex mechanisms that determine the cross-talk between GI helminths, gut microbiota and host immune system is a challenging task. Plausibly, GI helminths may affect the presence and abundance of selected populations of resident gut microbes directly, e.g. via the secretion of ES molecules with anti-microbial activity [e.g. 16,17], and/or indirectly, via immune-mediated modifications of the mucosal environment [12]. Indeed, with regards to the latter, the innate and adaptive responses stimulated by infections by GI helminths may exert dramatic effects on the physical and biochemical attributes of the gut [18] and, in turn, on the microbial populations inhabiting it (Figure 1). Recent studies have demonstrated that parasite-elicited Th2 immune responses play a key role in helminth-associated qualitative and quantitative modifications of the gut microbiota, since such modifications are not observed in Th2-deficient knock-out mice [15,19,20]. Importantly, administration of type 2 cytokines to uninfected mice results in a similar microbial phenotype to that observed in helminth-infected mice, thus providing evidence of a role of type 2 immunity in host-parasite-microbiota interactions [19,20]. Other authors, however, have observed that a range of helminth-mediated alterations in gut microbiota are conserved in mice lacking the alpha chain of the IL-4 receptor, a type I transmembrane protein that binds IL-4 and IL-13 and is indispensable for the differentiation of Th2 cells [21,22]. 
Furthermore, increasing evidence points towards the occurrence of direct interactions between GI helminths and the resident microbiota; for instance, a recent key study [23] has demonstrated that Trichuris muris infections exert direct effects on the composition of the caecal gut flora, consisting of expanded populations of Firmicutes, Actinobacteria, Deferribacteres and Proteobacteria, and a concomitant reduction of Bacteroidales. Interestingly, these modifications that occur following primary infections act as a disturbance for the hatching of eggs administered as secondary infections, and thus contribute to the long-term survival of primary colonizers [23]. Crucially, similar observations on differences in worm burdens detected following primary and secondary infections were made in mice lacking functional B and T cells, thus indicating that (at least in this host-parasite system) the impact of primary infections on the host gut microbiota is independent of the presence of functional adaptive immunity [23].
In addition to these recent findings, other key studies have highlighted the possibility that selected populations of gut microbes may indirectly assist the establishment, or the elimination, of selected helminth parasites, via immune-mediated events (Table 1). Indeed, administration of Lactobacillus species to mice prior to experimental infection with H. polygyrus resulted in substantially increased worm burdens, which was mediated by bacterial-induced expansions of populations of Treg cells [24]. Conversely, administration of Lactobacillus rhamnosus as an oral probiotic promoted T. muris expulsion via early IL-10-mediated responses [25].
Whilst, thus far, several inconsistencies have emerged from studies investigating the direct and/or indirect relationships between GI parasites, gut microbes and the host immune system [11], some likely key players are beginning to emerge. Amongst these are populations of microbes with roles in mucosal immunity that operate by regulating selected populations of CD4+ T cells in the intestinal mucosa. For instance, members of the family Lactobacillaceae are known to induce expansion of Treg populations and regulate inflammatory signaling [26], while segmented filamentous bacteria (SFB) are indispensable to the maintenance of homeostatic Th17 immunity in the mouse gut [27]. Interactions between these bacterial taxa and GI helminths have been previously reported. Indeed, the expansion of gut populations of Lactobacillaceae following infections with GI helminths has been observed in multiple host-parasite systems [11]. With regards to SFB, a recent key study [19] observed a significant association between mouse infections by Nippostrongylus brasiliensis and reduced populations of these bacteria, accompanied by a downregulation of Th17-related cytokines in the intestine. These changes were dependent on the production of IL-13 following nematode infection and the subsequent activation of the transcription factor STAT6 [19]. Interestingly, similar effects on populations of SFB and Th17 response are evoked by the administration of exogenous IL-25 [19] ; in particular, the latter is produced by intestinal epithelial cells (IECs) in response to GI helminth infection (see below), and mediates the expression of IL-13 and, in turn, the activation of anti-helminth Th2 responses [reviewed by 28]. Based on this observation, and in our opinion, the functional role of IL-25 in host-helminth-microbiota relationships requires further consideration.

Microbiota-modulated IL-25: roles in anti-helminth immunity and gut homeostasis
Several studies conducted in germfree and antibiotic-treated mice have lent credit to the hypothesis that intestinal production of IL-25 is regulated by the resident microbiota [29-32]. Indeed, treatment of mice with a cocktail of broad-spectrum antibiotics was followed by downregulation of IL-25 expression in the large intestine of mice, thus suggesting that the production of this cytokine is dependent on microbial-derived signals [29]. More recent studies have supported this notion. For instance, expression of IL-25 is significantly reduced in the ileal epithelium of germfree mice compared to wild type [30], whilst upregulation of IL-25 expression is observed in the large intestine of germfree mice exposed to environmental microbes [31]. Furthermore, IL-25-mediated gut immune regulation is impaired in mice lacking a microbiota [30,31]. Based on these observations, as well as knowledge that IL-25 plays key roles in anti-helminth immunity and maintenance of immune homeostasis in the gut (see below), we hypothesize that IL-25 may represent a key mediator host-parasite-microbiota interactions.

IL-25 in immunity against intestinal helminths
IL-25, also known as IL-17E, is a member of the IL-17 family of cytokines that, unlike other members of this family, promotes Th2 immunity and exerts anti-inflammatory functions via the downregulation of Th17 and Th1 responses [33-36]. Key roles of IL-25 in anti-helminth immunity have been widely reported [reviewed by 28]. In particular, IL-25 expression is generally associated with resistance to GI helminth infections through the activation of Th2 and/or Th9 responses that mediate effector mechanisms for parasite expulsion (which include goblet cell hyperplasia, smooth muscle hyper-contractility and intestinal mastocytosis, amongst others) [33,37-40]. The role of tuft cells as the source of intestinal IL-25 has been recently uncovered [41-43]. Under physiological conditions, tuft cells are a minor population of IECs; however, these cells undergo a marked and rapid expansion following infection with several GI helminths [41-44]. Upon infection, IL-25 produced by expanded populations of tuft cells acts as an alarmin; this activates type 2 innate lymphoid cells (ILCs), which act as the primary producers of IL-13 and IL-5 during the onset of anti-helminth immune responses [45-47]. In turn, IL-13 produced by activated type 2 ILCs promotes the differentiation of intestinal crypt progenitor cells into tuft cells, thus initiating a positive feedback loop that results in increased production of IL-25 and the establishment of a polarized Th2 response [41-43].

IL-25 in intestinal immune homeostasis and preservation of barrier integrity
Besides roles in anti-helminth immunity, IL-25 is involved in the regulation of intestinal RORγt+ lymphoid cells [29,30]. These cells, which are constitutively present in the lamina propria, play crucial functions in the maintenance of host-microbiota symbiotic relationships and the prevention of pathogen invasion, and their dysregulation is associated with the onset of autoimmune inflammatory diseases [48]. In the small intestine, IL-25 (whose expression is regulated by the resident microbiota) represses the production of IL-22 by RORγt+ ILCs (also known as type 3 ILCs) [30]. IL-22 plays major roles in tissue regeneration and regulation of host defense at barrier surfaces, but may also induce the expression of pro-inflammatory cytokines and contribute to the pathophysiology of inflammation [reviewed by 49]; therefore, by regulating the expression of intestinal IL-25, the microbiota is crucial in preventing undesired  pro-inflammatory activity in the gut [30]. Nevertheless, because of its ability to repress IL-22-producing RORγt+ ILCs, a detrimental effect of IL-25 in the response to intestinal epithelial damage had been hypothesized [30]; in contrast, recent studies have highlighted protective roles of IL-25 and microbiota-dependent IL-25 signaling against the onset of colitis of both infectious and non-infectious origin [50-52]. Indeed, suppression of IL-25 expression in the small intestine of mice exacerbates the clinical signs of chemical-induced colitis and mitigates the anti-colitic effects of experimental infections by the tapeworm Hymenolepis diminuta [51]. In particular, eosinophils (see Box 1) play a key role in IL-25-mediated protection against bacterial and amebic colitis by enhancing epithelial integrity and reducing intestinal inflammation [50,52]. Although the underlying immune mechanisms that determine these events have not been fully elucidated, protection against bacterial colitis does not depend on eosinophil-derived IL-4, nor on mucin production, which indicates that, at least in this case, the protective roles of these innate cells are independent of the secretion of type 2 cytokines [50]. In addition, increased intestinal expression of IL-25 correlates with neutrophil-mediated  protection (see Box 2) against amebic colitis. The causal relationships between these two events have never been defined; nevertheless, both are impaired by the administration of broad-spectrum antibiotics, which suggests a role of the gut microbiota in these mechanisms [32]. Taken together, these observations support a role for IL-25 and the gut microbiota in promoting intestinal barrier integrity. Therefore, in our opinion, future mechanistic studies aimed to elucidate the causal relationships between GI parasites, gut microbes and host immune system should focus on the role of IL-25 in regulating the interactions amongst these players. 
Given that expression of IL-25 depends on microbiota-derived signals [29,30,32,42,50], and that this cytokine plays a key role in mediating resistance against GI helminths [41-44], it is tempting to speculate that the gut microbiota may be involved in the regulation of IL-25 and, therefore, in the defense mechanisms against helminth infection. Indeed, whilst it has been suggested that GI helminths might have evolved to select bacteria that assist their own survival [12], it seems equally plausible that the vertebrate host has selected a flora with protective roles against potentially harmful organisms. Thus, in line with recent studies that support further roles of IL-25 in the preservation of intestinal integrity [50,52], it seems conceivable that, besides triggering Th2 protective responses, this cytokine may also contribute to anti-helminth immunity via the activation of innate mechanisms that enhance intestinal barrier function, thereby protecting the host against pathology associated with barrier breach.

Who triggers IL-25 expression in the intestine, and how?
With regards to tuft cell activation, several questions still remain unanswered and further work is necessary to decipher the mechanisms that regulate the functions of this cell population both under physiological conditions and over the course of GI helminth infections. Amongst these questions, a key issue surrounds the molecular signals responsible for the production of IL-25 by tuft cells. Bacterial components of gut microbiota are generally thought to provide these signals [29,31,32,50]. However, it must be pointed out that the gut flora of vertebrates consists of a diverse communities of prokaryotes, viruses and eukaryotes, and that the latter two groups may also contribute to this cascade of events. Indeed, tuft cell expansion and activation occur in response to gut colonization by parasitic organisms, including protozoa and helminths [42]. Interestingly, this response is abrogated by genetic defects in taste chemosensory pathways in the intestinal epithelium, which transduce externals signal into, in particular, tuft cells [42]. In light of these observations, a role of taste chemosensation in the recognition of intestinal parasitic signals and subsequent initiation of prototypical responses (similarly to pattern recognition receptor systems that recognize bacterial components) has been hypothesized [42]. Nevertheless, whilst this hypothesis is plausible, other mechanisms of activation of tuft cells cannot be excluded. The ligands that activate chemosensory G protein-coupled receptors in tuft cells are yet to be identified [cf.42]. Notwithstanding, short chain fatty acids and other bacterial-derived molecules can activate these receptors in other cell types [53,54], thus lending credit to the hypothesis that, over the course of GI helminth infections, tuft cell activation may be triggered by parasite-associated changes in gut microbiota and metabolites.
Whether similar or different pathways operate in the regulation of intestinal IL-25 expression to ensure maintenance of gut tissue homeostasis and activate epithelial responses to GI helminth infections remains to be established. Studies in selected experimental models of GI helminthiases may provide a suitable platform to untangle these unknowns.

The Echinostoma caproni-mouse system: a model to explore helminth-microbiota-immune system interactions
Echinostomes are digenetic trematodes that parasitize the small intestine of vertebrates, including wild and domestic animals and humans [55]. In particular, E. caproni infects several laboratory rodent species, although differences in parasite establishment, development and survival are observed between these species [56]. These features make the E. caproni-rodent system a useful model for studies of host-parasite relationships [56]. Traditionally, comparative studies between susceptible and resistant rodent species have been pivotal to the identification of host-dependent factors involved in parasite rejection (Box 2). Nevertheless, more recently, research has focused on local responses generated against primary and secondary infections in mice [44,57]. Using this approach, a major and previously unnoticed role for IL-25 in resistance against E. caproni has been observed [44]. Mice are permissive hosts for E. caproni (Box 2). However, partial resistance against homologous secondary infections is developed following administration of anthelmintic compounds [44,57]. Susceptibility to primary infections is associated with low levels of intestinal IL-25 expression, whilst deworming (via praziquantel [PZQ] administration) is accompanied by a steady increase in IL-25 expression and, in turn, by the onset of a Th2-type response that prevents the establishment of secondary infections [44] (Figure 2). The exact mechanisms that determine IL-25-mediated resistance to secondary E. caproni infections are, thus far, unclear.

Prospects for the use of the Echinostoma caproni-mouse system in the study of host-helminth-microbiota interactions
Unlike in other experimental murine models of GI helminthiases in which upregulation of intestinal expression of IL-25 follows parasite colonization [33,37,42], this cytokine is not involved in the immune response against primary infections by E. caproni; in contrast, its overexpression has been related to tissue recovery that occurs after deworming, and is crucial for resistance against re-infection [44]. Based on this observation, a role of other (yet unknown) players in initiating the tissue response to deworming and resistance to re-infection seems plausible. The gut microbiota – with its recognized roles in triggering the expression of IL-25 [29-32], may represent one of these players. Primary overexpression of IL-25 following deworming [44] makes the E. caproni-mouse system a particularly useful model in which to shed light on the role of IL-25 in tissue recovery and protection against re-infection, as well as on the functions of the gut microbiota in regulating these processes. The possible involvement of specific signals (coming from either the parasite or the gut microbiota) in governing the expression of IL-25 in primary infections with E. caproni [cf. 44] could also be unveiled in mechanistic studies using this system.
In order to expand knowledge in these areas, the first question that, in our opinion, is worth addressing is whether different infection outcomes (i.e. susceptibility in primary infections vs. resistance in secondary infections) are associated with different intestinal microbial communities. Based on recent literature describing the gut microbial profiles of vertebrates infected by GI helminths [11], changes in microbial alpha and/or beta diversity may be expected after primary infection with E. caproni, and such changes may be responsible for the modulation of the host immune response against secondary infections. However, given that expression of IL-25 is upregulated following anthelmintic treatment, it seems plausible that the mechanisms involved in protection against secondary infections may be linked to the tissue regeneration that follows elimination of the primary infection.
Following mucosal injury, activation of repair mechanisms generate a local environment within wounds in which particular subpopulations of resident bacteria expand and aid tissue healing by stimulating epithelial cell migration and proliferation [58]. E. caproni infection induces severe epithelial damage after primary infection in mice, and proteomic data suggest that, following both primary and secondary infections, cell migration and proliferation are increased [59,60]. However, although the wound-associated microbiota may be essential for epithelial restitution and protection against excessive mucosal damage, their role in resistance against E. caproni might not be critical, since wound-related changes in gut microbiota are local and transitory and, as wounds reseal, the repair-associated flora returns to rapidly resemble that of the intact mucosa [58]. Conversely, longer lasting alterations in microbiota are more likely to aid in resistance against infection. Indeed, IL-25 expression induced by deworming progressively decreases over time in absence of re-infection [44]; whether this downregulation is linked to changes in the gut microbial profiling following parasite removal and progressive restoration of the ‘original’ microbiota remains to be established. 
Besides cell migration and proliferation, recruitment of immune cells to the site of damaged mucosa is critical for tissue repair [61], and IL-25-mediated mucosal protection has been linked to the infiltration of different granulocyte populations [32,50,52]. Alterations in the populations of these cells in the lamina propria have been observed in response to E. caproni. However, their impact on the outcome of the infection is not fully understood. For instance, neutrophilic infiltration has been associated with the onset of inflammatory responses and the establishment of chronic infections in mice [62,63]. In contrast, significant increases in the number of mucosal eosinophils have been reported in the ileum of both susceptible and resistant hosts, making the role of these innate cells over the course of E. caproni infection difficult to ascertain [62,64]. Moreover, IL-25 is known to play crucial roles in the regulation of macrophages (see Box 1) [65,66], which display a different pattern of activation in primary and secondary infections with E. caproni [44]. Roles for these and other innate immune cells in barrier function and intestinal repair have been documented (Box 1). Thus, investigating the association between IL-25 and innate-immunity-mediated epithelial protection in the context of helminth infections, as well as the role of the gut microbiota in triggering these events, seems worthwhile. 
Finally, it is also worth mentioning that several GI helminths cause inflammation as a result of epithelial damage and subsequent translocation of bacteria and microbial components to the lamina propria, which stimulate innate immune cells and contribute to immune response polarization [67-70]. Given the histopathological consequences of E. caproni infections in mice (Box 2), bacterial translocation following primary infection is plausible. Indeed, increased passage of E. caproni antigens through the lamina propria and into the bloodstream can be observed in susceptible hosts, and it may be responsible for triggering the onset of local Th1-type inflammatory responses that facilitate the chronic establishment of the parasite [71,72]. The occurrence of enteric microbial translocation and its influence on local and systemic immune responses against primary infections is yet to be elucidated. Notwithstanding, using the E. caproni-mouse system, the occurrence of microbial translocation in primary and secondary infections, and its impact on the onset of immune responses and the pathophysiology of infection can be determined. Furthermore, unlike with other models using immune-deficient mice or wild type mice with different genetic background [33,41], this experimental system enables an unbiased understanding of the physiological, immunological and environmental factors that contribute to susceptibility and resistance to infection. 
In our opinion, all of the features summarized above make the E. caproni-mouse system a suitable model in which to perform studies concerning the role of gut microbiota in the restoration of helminth-induced intestinal pathology and its mediatory role in mechanisms of resistance to re-infections. In particular, it may be possible to establish whether the protective role of IL-25 against re-infection is not only associated to polarization towards Th2 responses, but also to the occurrence of innate mechanisms that enhance epithelial integrity, thus limiting tissue damage, bacterial translocation and related Th1 inflammatory responses favourable to parasite establishment (Figure 2).

Concluding remarks and future perspectives
Although several hypotheses have been raised on how GI helminths, the host gut microbiota and the immune system cross-interact, the immune-molecular mechanisms behind these relationships remain obscure. GI helminths may affect the host gut microbial composition either directly, via the secretion/excretion of products with antimicrobial activity, or indirectly, via helminth-induced host immune responses. Similarly, selected populations of gut microbes can participate in helminth-induced immunomodulation and/or host anti-helminth immunity. When considering the latter scenario, IL-25 appears to be an interesting research target as this cytokine: i) is epithelial-derived and microbiota-regulated; ii) is upregulated in intestinal helminth infections and triggers Th2-mediated parasite rejection; and iii) plays roles in intestinal epithelium protection. Based on this knowledge, it seems reasonable to hypothesize that IL-25 may participate in protection against intestinal helminthiases, not only via Th2-related effector mechanisms, but also through innate mechanisms that enhance barrier function and impair parasite establishment. Changes in the composition of the host intestinal microbiota following GI helminth infection may play a role in regulating IL-25 and activating these mechanisms (see ‘Outstanding Questions’). Investigating the ability of IL-25 to induce protection against intestinal insults that disrupt epithelial integrity, as well as identifying those components of the gut microbiota involved in this defense, is key to developing strategies that enhance intestinal integrity and barrier function. We consider the E. caproni-mouse system a suitable model to test this hypothesis and delve into the immune mechanisms and microbial elements involved in this protection.
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Glossary
Alarmin: molecule released by damaged or diseased cells, which stimulates an immune response.
Alpha diversity: in ecology, mean species diversity in a given sample, composed by the number of species in a given population (richness) and the relative abundance of each species in the same population (evenness).
Beta diversity: in ecology, the amount of variation in species composition observed among sampling units. 
Microbiota: collective term used to describe the microorganisms that live in  a particular niche, on or in a living being, and exhibit a symbiotic relationship with the host.
Digenetic trematodes: parasitic worms belonging to phylum Platyhelminthes, class Trematoda and subclass Digenea, with two phases of multiplication, one sexual and one asexual, in the adult and larval stages, respectively. 
Innate lymphoid cells (ILCs): heterogeneous population of immune cells, arising from the common lymphoid progenitor, but lacking antigen-specific receptors. ILCs produce cytokines to activate immune responses against pathogens. Three different subtypes of ILCs have been characterized on the basis of the specific cytokine stimulus that induce their activation, as well as of the cytokine/s that each subtype expresses upon activation.
RORγt+ lymphoid cells: heterogeneous population of immune cells arising from the common lymphoid progenitor and expressing the transcription factor RORγt (retinoic-acid-related orphan receptor gamma t), the master regulator of antimicrobial type 3 immunity. This population includes both adaptive and innate lymphoid cells. The former include interleukin (IL)-17-producing helper T cells (Th17) and type 3 regulatory T cells, while the latter comprise lymphoid tissue-inducer cells and IL-22-producing natural killer cells.
Th2/Treg phenotype: immune environment driven by type 2 helper T cells (Th2) and/or regulatory T cells (Treg), and their derived cytokines. CD4+ Th cells are able to differentiate into specialized subsets, which display specific expression of master transcription factors and defined patterns of cytokine expression. Th2 cells express the transcription factor Gata3 and release cytokines (e.g. interleukin (IL)-4 and IL-13) with key roles in anti-helminth responses. Treg cells express the transcription factor Foxp3 and exert immunosuppressive functions via the production of inhibitory cytokines [e.g. IL-10 and transforming growth factor (TGF)-β]. 



Box 2. Echinostoma caproni-rodent model: the two-host strategy 
In susceptible hosts, such as mice, E. caproni establishes chronic infections characterized by large worm burdens. Intense intestinal pathology is observed in these hosts, including erosion, fusion and atrophy of intestinal villi. In these hosts, strong humoral responses (both local and systemic) to the infection can be observed, although they are insufficient in controlling the infection [62,90]. Rats are resistant to E. caproni; infections in these hosts are characterized by poor worm establishment and development, which are followed by complete parasite clearance a few weeks after infection. Mild intestinal pathology and low antibody responses can be observed in these hosts [64,90]. 
Comparative analyses of in vivo cytokine expression profiles between mice and rats infected by E. caproni have served to elucidate the crucial role of local responses in determining the outcome of infection in these hosts. While chronic parasite establishment in susceptible hosts is associated with intestinal production of gamma interferon and inducible nitric oxide synthase, resistance in rats is linked to a mixed Th2/Th17 local phenotype, and interleukin 13 is thought to mediate worm expulsion via the activation of effector mechanisms [63,91]. Goblet cell hyperplasia, mediated by type 2 cytokines, is a well-known effector mechanism responsible for intestinal helminth rejection. However, E. caproni infection induces increased mucus production and secretion in both susceptible and resistant hosts, thus suggesting that this mechanism is not effective for expulsion of the parasites (that have been shown to survive in mucus-rich environments) [92]. In contrast, different infection-induced alterations in intestinal epithelial cell kinetics have been associated with the outcome of infection. For instance, a significantly accelerated epithelial cell turnover is associated with worm expulsion in rats [93]. 
E. caproni modifies the energy metabolism of enterocytes in the infected gut, although different metabolic profiles have been observed in the ileum of susceptible and resistant hosts. While mouse infections with E. caproni induce mitochondrial dysfunction and an increase in the anaerobic use of glucose to yield ATP [59], a transition to a more aerobic and oxidative metabolism is observed in infected rats, which leads to a reduced glycolytic flux and overall ATP production [94]. Given that infection-elicited changes in host metabolism depend on both production and utilization of metabolites by helminths, the gut microbiota and the host itself [12], the E. caproni-rodent model could be exploited in experiments aimed to explore the impact of the infection and the infection-associated microbiota on epithelial metabolism. 



Box 1: Roles of innate immune cells in barrier function and intestinal epithelium repair
Distinct populations of innate immune cells participate in immune responses against gastrointestinal helminths [76]; some of these cells not only exert anti-helminth functions, but can also protect the host against tissue damage: 
Eosinophils release cytokines (e.g. a proliferation-inducing ligand (APRIL), interleukin (IL)-6 and transforming growth factor (TGF)-β1) that promote plasma cell survival and immunoglobulin A class switching in the intestine, thus regulating the gut microbiota and barrier integrity during the steady state [77,78]. A role for eosinophils in the maintenance of intestinal barrier function following epithelial cell damage has been also described [79]. In response to lipopolysaccharide, eosinophils can rapidly release mitochondrial DNA that, together with granule proteins, form extracellular traps that neutralize bacteria and prevent invasion [79]. 
Neutrophils can contribute to tissue repair via three different mechanisms, i.e. phagocytic removal of damage-derived tissue debris, release of molecules with roles in vascularization and repair and apoptosis followed by macrophage-mediated clearance and production of tissue-repair associated cytokines [80]. In a mouse model of colitis, neutrophil-mediated protection has been associated with the release of IL-22, which mediates the increased expression of selected antimicrobial peptides (AMPs) by intestinal epithelial cells (IECs) [81].
Macrophages support IEC proliferation and survival of epithelial progenitors during mucosal damage, functions that depend on microbiota-derived signals [82]. Upon intestinal injury, inflammatory macrophages increase the expression of agonists of the IL-36 receptor (IL-36R) and induce fibroblasts to produce granulocyte-monocyte colony stimulating factor and IL-6, both of which promote epithelial proliferation and healing [83]. Signaling through the IL-36R can also promote mucosal repair through neutrophil recruitment and neutrophil-dependent IL-22 production [84]. However, the role of the IL-36/IL-36R axis in intestinal repair is controversial, since absence of IL-36/IL-36R signaling has been associated with reduced disease severity [85]. In inflammatory bowel disease, activated macrophages can trigger type 3 innate lymphoid cells (ILCs)/IL-22-mediated protection [86]. In contrast, alternatively activated macrophages produce anti-inflammatory cytokines (i.e. IL-10 and TGF-β) and tissue-repair factors that promote wound healing [87].
Type 2 ILCs elicited by IL-33 express amphiregulin, an epidermal growth factor (EGF)-related molecule, which binds to EGF receptors in IECs, upregulating the expression of the tight junction protein claudin 1 and enhancing mucin response [88]. Amphiregulin also promotes intestinal epithelial renewal [89].
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Table 1. Summary of data from currently available key studies providing experimental evidence of the causality of host-helminth-microbiota relationships
	Parasite species (niche)
	Mouse strain/background (susceptibility to infection)
	Helminth-microbiota-immune system interaction
	Immunomodulatory outcome
	Bacterial taxa involved (trend)
	Analytical method
(sample)
	Reference

	Hp (SI)
	BALB/c (relatively resistant)
	Infection-modulated microbiota 
+
Microbiota-modulated immune response 
	Th2-dependent infection-mediated microbiota modulation
Modulated-microbiota induces Treg responses and protects against bacterial colitis
	Bacteroides ()
Clostridium ()
Lactobacillus ()
	High-throughput 454 sequencing of 16S rRNA amplicons
(feces)
	[15]

	Hp (SI)
	BALB/c (relatively resistant)
C57BL/6 (susceptible)
	Infection-modulated microbiota
+
Microbiota-modulated immune response
	Th2-independent infection-mediated microbiota modulation
Modulated-microbiota induces type I interferon response and protects against respiratory viral infection
	ND
	NA - Interaction established using germfree mice
	[22]

	Nb (SI)
	C57BL/6 (susceptible)
	Infection-modulated microbiota
+
Microbiota-modulated immune response
	Type-2-immunity-dependent infection-mediated microbiota modulation dampens IL-17-mediated responses
	Segmented filamentous bacteria ()
	High-throughput Illumina sequencing of 16S rRNA amplicons
qPCR of specific taxonomic groups
(luminal content from the SI, feces)
	[19]

	Hp (SI)

	C57BL/6 (susceptible)
	Infection-modulated microbiota
+
Microbiota-modulated immune response
	Infection increases bacterial-derived short chain fatty acids inducing Treg and anti-inflammatory responses that protect against allergic asthma
	Lachnospiraceae ()
	High-throughput Illumina sequencing of 16S rRNA amplicons
(luminal content from the LI)
	[14]

	Hp (SI)
	C57BL/6 (susceptible)
	Infection-modulated microbiota
	Type-2-immunity-independent infection-mediated microbiota modulation
	Enterobacteriaceae ()
Lactobacilli ()
	Bacterial culture
cloning followed by 16S rRNA amplicon qPCR
PCR-based denaturing gradient gel electrophoresis
(luminal content from SI and LI)
	[21]

	Hp (SI)
Nb (SI)
Tm (LI)
	C57BL/6 (susceptible to Hp and Nb, and partially resistant to Tm)
	Microbiota-dependent anti-helminth immunity
	Innate and adaptive immunity-dependent secretion of endogenous anthelminthic 
	ND
	NA - Interaction established via antibiotic-induced dysbiosis
	[74]


	Hp (SI)
	BALB/c (relatively resistant)
C57BL/6 (susceptible)
	Microbiota-dependent anti-helminth immunity
	Microbiota-associated IL-17A production and Treg expansion in mesenteric lymph nodes promote parasite establishment
	Lactobacillus taiwanensis ()
	qPCR of specific taxonomic groups
(luminal content from SI, feces)
	[24]

	Sm (MVP)
	C57BL/6 (susceptible)
	Microbiota-dependent anti-helminth immunity
	Microbial-dependent Th1 immunity promotes egg elimination
	ND
	Selective bacterial culture
(feces)
	[75]

	Tm (LI)
	C57BL/6 (partially resistant)
AKR (susceptible)
	Microbiota-dependent anti-helminth immunity
	Microbial-mediated intestinal IL-10 production and IL-10 dependent changes in goblet cells promote parasite rejection
Bacteria-related increase in epithelial turnover may assist parasite expulsion 
	Lactobacillus rhamnosus ()
	NA - Interaction established via administration of L. rhamnosus as a probiotic
	[25]


Hp: Heligmosomoides polygyrus; Nb: Nippostrongylus brasiliensis; Tm: Trichuris muris; Sm: Schistosoma mansoni
SI: small intestine; LI: large intestine; MVP: mesenteric venous plexus
ND: not determined
NA: not applicable
Figure 1: Reciprocal influence model of host-parasite-microbiota interactions.
In the gastrointestinal (GI) tract, interactions between the microbiota, GI helminths and the host immune system (outer triangle) impact, directly or indirectly, on each of these players (inner triangle). The gut microbiota plays crucial roles in host nutrition and metabolism, as well as in the development, maturation and function of the vertebrate immune system [73]. In turn, the properties of the intestinal niche (e.g. nutrient availability, composition of mucus, profile of antimicrobial-peptides, expression of pattern recognition receptors, or production of microbe-specific IgA)  are determinant in shaping the composition of gut microbiota [12]. In contrast, GI helminths are generally considered detrimental for the host health, as they cause a range of pathogenic effects. The first responder to infection by GI helminths is the intestinal epithelium. Following physical damage, epithelial cells release alarmins to trigger the onset of immune responses that promote parasite expulsion and tissue repair; however, such responses directly affect the abovementioned properties of the GI niche [12]. The occurrence of direct interactions between the gut microbiota and GI helminths is a relatively poorly explored area of research. Parasites compete with the resident microbiota for intestinal nutrients, and may impact on microbial composition via the secretion of products with antimicrobial activity [11]. In turn, the gut microbiota may play crucial roles in successful establishment of parasite infections, as seen in rodents infected with Trichuris muris [23], although no information is thus far available for other GI helminths of medical and veterinary importance.


Figure 2: Usefulness of the Echinostoma caproni-mouse system in studies of helminth-microbiota-immune system interactions
Main changes caused by E. caproni primary infection, praziquantel treatment and re-infection in the intestinal mucosa of mice. Continuous arrows represent known events, while dashed arrows suggest potential microbiota-related mechanisms that could mediate anti-helminth immune response and infection outcome. Potential alterations in gut microbiota are represented by changes in color. Primary infection is characterized by high parasite burdens and worm development, and is associated with Th1-type responses, with increased levels of gamma interferon (IFN-γ) [63]. Tuft and goblet cell hyperplasia, and changes in mucus production have been reported [44]. Following anthelminthic treatment, the tissue is repaired, expression of interleukin (IL)-25 is upregulated and tuft cell hyperplasia is maintained. If secondary infections are introduced in this environment, partial resistance, reduced worm burdens and poor worm development are observed. This outcome is associated with the onset of Th2-type responses, coupled with maintained tuft cell hyperplasia, predominant upregulation of IL-13, goblet cell hyperplasia, changes in mucus glycosylation [44] and, plausibly, activation of other effector mechanisms. Potential roles of the host gut microbiota in promoting type 1 inflammatory responses during primary infection, IL-25-mediated epithelial restitution following anthelmintic treatment and IL-25-mediated innate protection against secondary infections are highlighted as promising future areas of research using the E. caproni mouse-system.

